Four grain aphids, Sitobion spp. [S. avenae (F.), S. akebiae (Shinji), S. miscanthi (Takahashi) and S. fragariae (Walker)] on various grasses (Poaceae), nominated as Sitobion avenae-complex in this paper, were compared for their morphological and genetic characteristics. For morphological comparison, ten characters frequently used in the identification of S. avenae-complex were compared among samples from various global locations. The results from these comparisons demonstrated that the ranges of specific characteristics overlap considerably. The means of most characteristics were very similar among S. avenae, S. miscanthi and S. akebiae, indicating that the characteristics are not useful for the individual identification of these three grain aphids. Also, the intra-specific variations of the Far Eastern S. akebiae were as large as the inter-specific differences between S. miscanthi and S. avenae. In the nucleotide sequence comparison of the mitochondrial cytochrome oxidase subunit II (mt COII) gene, the pair-wise genetic distances among the populations of the three species ranged from 0.00 to 1.56%, almost equal to the intra-specific distances of Far Eastern S. akebiae (0.00-1.38%). In this context, it is suggested that S. akebiae (Shinji) syn. n. and S. miscanthi (Takahashi) syn. n. be synonymized under the senior name, S. avenae (F.).
INTRODUCTION
The genus Sitobion Mordvilko, with 91 species in the world, is one of the largest genera of the subfamily Aphidinae (Hemiptera: Aphididae). Among these species, about half are reported to be found on monocotyledons, mainly on the family Poaceae (Remaudière and Remaudière, 1997; Blackman and Eastop, 2000) . There are four known species of grain aphids in the world, important due to their economic impact on Poaceae crops (Table 1) : Sitobion akebiae (Shinji, 1935) in the Far East (Takahashi, 1964; Miyazaki, 1971; Yano et al., 1983; Kanehira et al., 1988; Lee et al., 2002) ; Sitobion avenae (Fabricius, 1775) in North, Central and South America and the Paleoarctic, excluding parts of the Far East (Müller, 1977; Vickerman and Wratten, 1979) ; S. miscanthi (Takahashi, 1921) in South Asia, New Zealand, Australia and Hawaii (Eastop, 1966; David, 1976) , and S. fragariae (Walker, 1848) in Europe, North America and Australia (Vickerman and Wratten, 1979) .
Previous authors have disagreed regarding the morphological identification of species in the S. avenae complex. After Shinji (1935) described S. akebiae with the population migrating from Akebia (Lardizabalaceae) to grasses (Poaceae), the grain aphid in Far East Asia had been treated as a subspecies of S. avenae (S. avenae akebiae), or ambiguously as the nominal subspecies of S. avenae (Takahashi, 1964; Paik, 1965) . Later, S. akebiae was recorded on other primary winter host plants including Rubus spp. (Rosaceae), Stellaria spp. (Callitrichaceae) and Platanus spp. (Platanaceae) in Korea and Japan, and resumed its classification as a separate species (Miyazaki, 1971; Lee et al., 2002) . S. miscanthi, another grain aphid, was identified on Miscanthus spp. in Taiwan according to three characteristics morphologically different from S. avenae: slightly longer body hair, promi-nent dark pigmentation on the abdomen and longer siphunculi (Takahashi, 1921) . Recently, synonymy with S. akebiae was suspected by Blackman and Eastop (2000) . Often misidentified, S. avenae and S. fragariae are easily distinguished by the relative length of the siphunculi, though they occur in the same geographical regions, Nearctic and Western Paleoarctic (Stoetzel, 1987) . The four grain aphids mentioned above are nominated as Sitobion avenae complex, in this study.
The close relationship between the three species in the S. avenae complex has also been suspected by the comparison of DNA sequences. Comparison of EF1a and mitochondrial cytochrome oxidase subunits I and II (mt COI-II) sequences from the three species showed no variations for EF1a or mt COI-II between S. akebiae and S. miscanthi, and only small variations on mt COI-II between S. miscanthi and S. avenae, even though the same gene sequences typically distinguish other Sitobion species . However, S. miscanthi, S. near fragariae and S. fragariae were well distinguished by differences in chromosomal numbers and microsatellites (Hales et al., 1998) .
In this study, both morphological and molecular characteristics were compared among the four grain aphids in the Sitobion avenae complex from various global localities. The primary objective of this study is clarification of the identity of the four grain aphid species.
MATERIALS AND METHODS

Specimens for morphological measurement.
The samples of Sitobion akebiae were collected from various plants in Korea and mounted on microscopic slides in Canada Balsam (see Blackman and Eastop, 2000) . All macroscopic specimens were deposited in the insect collections of Seoul National University (SNU, Seoul) Table 2 . Morphological characters and principal component analysis. The following 10 characters were selected according to characteristics frequently applied in the identification of grain aphids (Takahashi, 1921; Stoetzel, 1987; Blackman and Eastop, 2000) . The characters consist of the measurements of six body parts and four relative lengths between appendages (such as the length of each segment of antennae, legs, siphunculi and cauda).
i. Body length ii. Ant.III/PT: relative length of antennal segment III to processus terminalis iii. Ant.VIb/PT: relative length of antennal segment VI basal length to processus terminalis iv LH: length of longest hair on antennal segment III v. LH/Ant.III BD: relative length of longest hair on antennal segment III to the basal width of antennal segment III vi. URS/2HT: relative length of ultimate rostral segment to second hind tarsus vii. SIPH/Ant.III: relative length of siphunculus to antennal segment III DNA extraction, PCR, sequencing, alignment and genetic analysis. Genomic DNA was extracted using DNAzol ® according to the manufacturer's protocol. The partial fragments of mt COII, one of the representative molecular markers for the identification of species in subfamily Aphidinae (Moran et al., 1999; von Dohlen and Moran, 2000; von Dohlen et al., 2002; von Dohlen and Teulon, 2003) , were obtained from the various populations in the Sitobion avenae-complex by PCR using the primers of 2993ϩ (CAT TCA TAT TCA GAA TTA CC) and A3772 (GAG ACC ATT ACT TGC TTT CAG TCA TCT) (von Dohlen and Moran, 2000) . PCRs were performed using Advantage PCR II Taq polymerase (BD Advantage™) and the reaction mixture (20 ml contained 10 mM each primer, 200 mM dNTPs, 2.5 mM MgCl 2 and 0.04 mg genomic DNA template. The thermal program was 35 cycles of 94°C/30 s, 58°C/30 s and 68°C/1 min, followed by a final extension at 68°C/10 min. The PCR products were cleaned using Microcon YM-100 (Millipore), and directly sequenced in the NICEM (The National Instrumentation Center for Environment Management, Seoul National University, Republic of Korea). Sequences of S. avenae, S. fragariae, S. miscanthi and Macrosiphum rosae (Linnaeus, 1758) were retrieved from the GenBank database. The sequence for the North American samples of S. avenae was supplied by Prof. Carol D. von Dohlen at Utah State University (USU).
All sequences were identified as the mt COII through alignments with other retrieved sequences from the same regions using Megalign (DNAstar™). The pair-wise distances between sequences were calculated under a general time-reversible model by PAUP* 4.0b10 (Swofford, 2003) . Phylogenetic analyses were performed using PAUP* 4.0b10. For maximum parsimony analysis, heuristic searches were employed with 1,000 random additions of sequences, 10 trees held at each pseudoreplicate and TBR branch swapping. The 50% majority rule consensus tree bootstrap analysis was performed using a full heuristic method, with 1,000 replicates and 1,000 random additions of sequences in 10 holds of trees for each step. For maximum likelihood analysis, the best-fit nucleotide substitution model was explored by hierarchical likelihood-ratio tests using Modeltest Version 3.06 (Posada and Crandall, 1998) . The substitution ratios, expected nucleotide frequencies, invariable site ratios and gamma shape parameters were also calculated. For both the maximum parsimony analysis and the maximum likelihood analysis, the heuristic search strategy was performed with 100 random additions of sequences and a tree bisection recognition method. Heuristic search strategies were performed with 100 random addi-66 H. J. CHOE et al. tions of sequences, 10 trees held at each pseudoreplicate and TBR branch swapping. Three species were selected as out-groups: one species in the genus Sitobion and two species in neighboring genus, Macrosiphum. The complete list of species in this study is summarized in Table 3 .
RESULTS AND DISCUSSION
Indiscrimination of the quantitative morphological characteristics for three grain aphids, S. akebiae, S. miscanthi and S. avenae Based on measurements, three species in the S. avenae complex cannot be justified by the morphological characteristics examined in this study (Table 4 ). For example, the ranges of the relative length of the antennal segment III to the processus terminalis (Ant.III/PT) and the relative length of the base of the antennal segment VI to the processus terminalis (Ant.VIb/PT) of S. akebiae encompass those of S. avenae and S. miscanthi. The length of the longest hairs on the antennal segment III (LH) in S. miscanthi is variable, encompassing the entire range of length found for the three other species. Also, the relative length of the second segment of hind tarsus to the ultimate rostral segment of S. miscanthi is more variable than those of S. avenae and S. akebiae.
These morphological characteristics, which have been used in the identification of members of the S. avenae complex, are therefore revealed to be of no use for the identification of these three species (Table 4) . For example, the relative length of SIPH to the cauda of S. avenae (1.08-1.65ϫ ) exceeds the criteria of the species (Ͼ1.5ϫ) (Blackman and Eastop, 2000) and overlaps with the criteria for S. akebiae (1.18-1.93ϫ) and S. miscanthi (1.46-1.99ϫ ). The range of 2HT/URS in the S. avenae complex is also too variable for use in identifying the four species. Predominant abdominal pigmentation and longer hairs on heads and antennae, by which S. miscanthi have been distinguished (Takahashi, 1921; Blackman and Eastop, 2000) , are also variable. Abdominal pigmentations are not always found solely on S. miscanthi, they are also found on the specimens of S. akebiae on the Miscanthus species. Hair lengths of S. miscanthi are not significantly longer than those of other species.
However, S. fragariae may be distinguished from S. avenae by the relatively long siphunculi to the (Table 4) . Concurrently, S. fragariae is distinguishable from S. akebiae and S. miscanthi by its longer PT (small mean value of Ant.VIb/PT), longer SIPH (high mean values of SIPH/Ant.III and SIPH/HF) and shorter cauda (high mean value of SIPH/cauda). The PCA results also imply that morphological characteristics used in the identifications are not sufficient to distinguish S. akebiae from S. avenae and S. miscanthi. However, S. fragariae is distinctive from other species in the S. avenae complex (Fig. 1) .
Molecular variations on the partial sequences of mt COII among S. avenae complex
An alignment of 582 nucleotide sequences of mt COII gene was compared for the four S. avenae complex species and the three outgroup species, Sitobion ibarae, Macrosiphum mordvilkoi and Macrosiphum rosae, which are monoecious holocyclic on Rosa spp. (Rosaceae). These outgroups were chosen because of their assumed close relations with S. avenae-complex and feeding on similar host plants, with Rosa spp. (Rosaceae) as the primary hosts (Blackman and Eastop, 2000) .
Corresponding to the previous results demonstrating that 'mt COI-II and EF1a sequences are not distinguishable between S. akebiae and S. miscanthi' , our results for mt COII also showed that S. akebiae and S. miscanthi are genetically similar (0.17-1.56% differences in mt COII sequences). The sequences of mt COII for S. avenae and S. akebiae differed by less than 1.38% and were identical between some samples: S. akebiae (sample #4, 6: on Oryza sativae and Zea mays) in Korea and S. avenae from England (sample #8); and S. akebiae (#1, 2: on Rubus sp. and Hordeum sativum) in Korea and the North American sample (#9) of S. avenae. The genetic distances between the three species (0.00-1.56%) were not larger than the intra-specific differences in S. akebiae (0.00-1.38% in mt COII sequences), whereas the three outgroup species differed by more than 2.94-5.19%. Consequently, the three grain aphids (S. akebiae, S. avenae and S. miscanthi) cannot be distinguished by mt COII, whereas S. fragariae is well distinguished (1.39-3.27% ) from the other three species (Table 5 ).
Molecular phylogenetic relationships of S. avenae complex
The parsimony analysis generated 12 most-parsimonious trees (CIϭ0.7945; without uninformative characters, CIϭ0.7059). The topologies of trees are nearly equal and varied only in the relationships among the four S. akebiae sequences (sample #1, 2, 4, 6) and the two S. avenae sequences (sample #8, 9). The 50% majority rule consensus tree shows the groupings of the populations of the three species S. akebiae, S. avenae and S. miscanthi (Fig. 2) .
The best-fit model for the maximum likelihood analyses was GTRϩGϩI, following the Modeltest. The parameters under the best-fit model are as follows: the rate matrices are 4.385430, and R(C-T) ϭ6.6eϩ09. The estimated base compositions are Aϭ0. 40569, Cϭ0.10711, Gϭ0.07394, and Tϭ0.41326 . The assumed proportion of invariable sites is 0.8172. MP and ML analyses generated clades mixed among the three similar species of grain aphids; S. akebiae, S. avenae and S. miscanthi (Fig. 2) . The three species were not clustered as individually distinct clades based on the results of the mt COII.
Novel synonymy of Sitobion akebiae and Sitobion miscanthi with Sitobion avenae
Three grain aphids, S. avenae, S. akebiae syn. n. and S. miscanthi syn. n., were revealed to be indistinguishable by the morphological characteristics used in their identifications, whereas Sitobion fragariae was shown to be a distinct species separated from the other three species, based on their relatively long siphunculi. Those three species were also shown to have close genetic relationships based on the sequences of mt COII and their phylogenetic relationships as shown by maximum parsimony (MP) and maximum likelihood (ML) analyses (Fig. 2) .
Currently, it is accepted that the heteroecious holocyclic lifecycle of S. akebiae from various primary host plants to grasses is one of the reasons for its separation as a distinctive species from S. avenae (Shinji, 1935; Takahashi, 1964; Miyazaki, 1971) . However, it has been observed in S. akebiae that both monoecious and heteroecious populations exist, and that monoecious populations appear to be predominant. In Korea, monoecious populations of grain aphids were found on wheat, rice, barley and other grasses in both the field and in greenhouses. During the early spring in Korea, population densities of S. akebiae on primary host plants (Akebia and Rubus) are normally very low while the colonization and propagation of grain aphids (S. akebiae syn. n.) on secondary hosts (Poaceae) are prevalent, similar to the populations of S. avenae in other regions (personal observation). Monoecious holocyclic lifecycles of S. akebiae syn. n. in Japan were inferred by the results of phenological studies (Yano et al., 1983; Kanehira et al., 1988) .
Significant relationships between host plants and the morphology of S. akebiae populations have been found. The populations of S. akebiae syn. n. on Rubus spp. tend to have long siphunculi like S. fragariae, which also alternates between Rubus and grasses. However, the population is genetically closer to S. avenae, S. akebiae syn. n. and S. miscanthi syn. n., than the populations of S. fragariae or S. near fragariae (Table 5) . No evidence was discovered for the sympatric speciation among the populations with different lifecycles in S. akebiae syn. n.
In conclusion, current results do not justify the separation of the grain aphids into three separate species, S. avenae, S. akebiae syn. n. and S. miscanthi syn. n. Therefore, it is suggested that the three species be synonymized as a single species Table 5 . Pair-wise uncorrected genetic distances of mt COII among the populations of the S. avenae complex and three outgroup species, S. ibarae, Macrosiphum mordvilkoi and Macrosiphum rosae
(8) Fig. 2 . Phylogenetic relationships among members of the S. avenae-complex. A: A phylogram among the 12 trees generated by maximum parsimony analysis (numbers above branches indicate the bootstrapping index on the 50% majority-rule consensus tree), B: The phylogram generated by maximum likelihood analysis.
